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Edited by Angel NebredaAbstract Nucleophosmin (NPM) is an abundantly expressed
multifunctional nucleolar phosphoprotein. Here we show that
depletion of NPM by RNA interference causes defects in cell
division, followed by an arrest of DNA synthesis due to activa-
tion of a p53-dependent checkpoint response in HeLa cells.
Depletion of NPM leads to mitotic arrest due to spindle check-
point activation. The mitotic cells arrested by NPM depletion
have defects in chromosome congression, proper mitotic spindle
and centrosome formation, as well as defects in kinetochore-
microtubule attachments. Loss of NPM thus causes severe mito-
tic defects and delayed mitotic progression. These ﬁndings indi-
cate that NPM is essential for mitotic progression and cell
proliferation.
 2008 Published by Elsevier B.V. on behalf of the Federation of
European Biochemical Societies.
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Nulceolar proteins bind to the chromosome peripheral sur-
face during mitosis and become incorporated into the newly
formed nucleoli at the end of telophase [1,2]. Ki-67 is involved
in the formation of higher order chromosomes structures [3].
Recently we reported that ﬁbrillarin has roles in the mainte-
nance of nuclear shape and cellular growth [4] and that nucle-
olin is required for chromosome congression and spindle
formation during mitosis [5]. Other observations suggest that
nucleophosmin (NPM)/B23 and Ki-67 act as promoters in cell
proliferation [4,6–8]. Therefore, nucleolar proteins have roles
not only in mitosis but also in cell proliferation and thus reg-
ulate numerous cellular processes, suggesting a broadened
view of their potential functions [9].
NPM, a multifunctional nucleolar protein, is involved in
many cellular activities, including ribosomal biogenesis, pro-
tein chaperoning, and centrosome duplication [10–12]. NPM
appears to be involved in diﬀerent aspects of DNA metabolism
and chromatin regulation [13]. NPM has a role in embryonic
development [14]. NPM has been reported as an oncogenenic
[14,15] and, controversially, as a tumor suppressor proteinAbbreviations: NPM, nucleophosmin; RNAi, RNA interference; siR-
NA, small interfering RNA; GFP, green ﬂuorescent protein
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is still unknown. In this study, we show that depletion of
NPM by RNA interference (RNAi) leads to proliferative ar-
rest, and defects in chromosome congression, mitotic spindle
and centrosome formation, and kinetochore-microtubule
attachments in HeLa cells.2. Materials and methods
2.1. Cell culture, siRNA transfection and rescue assay
HeLa cells were cultured in Dulbeccos modiﬁed Eagles medium
(Gibco BRL) with 5% fetal bovine serum (Equitech-Bio Inc.).
The small interfering RNA (siRNA) sequences 5 0-AGA-
UGAUGAUGAUGAUGAUTT-3 0 and 5 0-AAGACUCCAGUG-
GUAAUCUACTT-3 0 were used to knock down human NPM, p53
and Mad2, respectively [18–20]. As mock, siRNA speciﬁc for GL2
luciferase gene was used [4]. Transfection of siRNA was performed
according to the manufacturers instructions (Invitrogen). For the res-
cue assay, we constructed an RNAi refractory green ﬂuorescent pro-
tein (GFP)–NPM vector (NPMr). Three silent mutations were
introduced into the GFP–NPM vector by changing nucleotide se-
quence 671–682 of NPM to GACGATGACGAC (underlined nucleo-
tides in italics indicate silent mutations). Site directed mutagenesis was
performed by PCR and conﬁrmed by sequencing. RNAi refractory
construct was transfected to 1 d-old cell culture with FuGENE6
(Roche) before 6 h of siRNA transfection. Cells were harvested at
24 h post-transfection for further experiments.
2.2. Antibody reagents
Antibodies used in this study were as follows: mouse monoclonals
anti-a-tubulin (Calbiochem), anti-ﬁbrillarin (Abcam), anti-nucleolin
(Abcam), anti-BubR1 (BD Transduction Laboratories), anti-Bub1
(Chemicon) and anti-BrdU (Amersham BioSciences) at 1:50–100,
and anti-NPM (Santa Cruz) at 1:1000; and rabbit polyclonal anti-
p53 (Santa Cruz) at 1:100–200 and human monoclonal anti-centro-
mere autoimmune serum (CREST) at 1:1000. Secondary antibodies
conjugated to Alexa Fluor 488, Alexa Fluor 594 (Invitrogen) and
TRITC (Sigma) were used for the detection of signal.2.3. Indirect immunoﬂuorescence microscopy
HeLa cells grown on cover slips were ﬁxed with 4% (w/v) para-form-
aldehyde at 37 C or methanol at 20 C, and incubated with primary
antibodies. Standard methods for immunoﬂuorescence staining were
used. DNA was stained with Hoechst 33342 (Sigma). For the analysis
of microtubule stability, culture media were changed with ice-cold
media and cells were incubated on ice for 10 min, followed by ﬁxation
and permeabilization at room temperature using PBS.
All images were acquired as Z-stacks with 0.2-lm spacing using a
100·, 1.3 NA oil objective on an IX-70 microscope (Olympus) and pro-
cessed by iterative constrained deconvolution (SoftWorx, Applied Pre-
cision Instruments). Images were cropped, sized and placed using
Adobe Photoshop CS version 8.0 (Adobe Systems, San Jose, CA).ation of European Biochemical Societies.
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eration kit (dilution 1:1000, Amersham Biosciences) before being ﬁxed
and permeabilized. After washing, cells were treated with 2 M HCl for
20 min at room temperature followed by neutralization with two vol-
umes of 0.1 M sodium borate (pH 8.5). After three washes with
PBS-Tween 0.1%, BrdU was detected by immunostaining.
2.4. Live-cell imaging
HeLa cells stably expressing GFP-histoneH1.2 grown in 35 mm ploy-
L-lysine coated glass-bottomed dishes were transfected with siRNA.
The medium was changed to a CO2-independent medium (GIBCO
BRL) supplemented with 10% FBS 1 h before imaging. After 21 h of
siRNA transfection, sequences of GFP images were acquired every
6 min for 8 to 18 h using a 40·, 1.4 NA oil objective on an inverted ﬂu-
oresecence microscope (IX-81, Olympus) equipped with a Z-motor and
CCD camera (Photometrics). Experiments were performed in a cham-
ber maintained at 37 Cwith a humidiﬁed atmosphere of 5%CO2 in air.
Metamorph software (Universal Imaging, Downington, PA) and
WCIF Image J Program were used for acquisition and analysis.3. Results and discussion
To analyze the function of NPM in the cell cycle, we de-
pleted NPM in HeLa cells by RNAi. Western blotting revealed
that NPM expression levels were signiﬁcantly depleted (toFig. 1. Depletion of NPM causes proliferative inhibition in HeLa cells. (A
tranfection. The expression levels of ﬁbrillarin, nucleolin, and a-tubulin are
NPM-depleted cells at various times. Bars, 5 lm. Arrows indicate abnormal
and red arrowheads indicating apoptotic cells. (C) Cell containing multiple m
cells until 4 d post-transfection. Error bars represent the mean ± S.D. of three
h post-transfection for mock, NPM, p53, and both p53 and NPM siRNAs.
Percentages of cells expressing p53 at 24- and 48-h post-transfection for moc
the mean ± S.D. percentages. (G) Western blotting for p53 and HPV18 E6 us
a-tubulin.
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proteins (such as ﬁbrillarin and nucleolin) and a-tubulin were
not aﬀected (Fig. 1A). Mock treated cells had regular mor-
phology and proliferated normally (Fig. 1B and D), whereas
NPM-depleted cells underwent remarkable morphological
changes, including dynamic change in nuclear shape and tetra-
ploid micronuclei formation (Fig. 1B and C), and lost prolifer-
ation ability (Fig. 1D). Proliferation assay showed that NPM
depletion led to decreased DNA synthesis as evidenced by
diminished BrdU incorporation for both 24- and 48-h siRNA
post-transfection (Fig. 1E). The decreased DNA possibly oc-
curs secondarily from cessation of cell division rather than as
a direct eﬀect on DNA replication. To test this hypothesis,
we checked the p53 pathway. Immunostaining showed that
NPM depletion induced activation of p53 and its downstream
target p21 (Fig. 1F and Fig. S1, data not shown) and sup-
pressed HPV18 E6, which promotes degradation of p53, as a
consequence (Fig. 1G).
Moreover, p53 levels induced by NPM depletion were sup-
pressed by co-depletion of p53, which largely restored DNA
synthesis (Fig. 1E and Fig. S2) but failed to restore prolifera-
tion and morphological and mitotic defects in the absence of
NPM, whereas single depletion of p53 had no eﬀect (data) Western blotting with mock and NPM-depleted cells at 24 h post-
unchanged. (B) Representative morphological features of mock and
nuclear shape, with white arrowheads indicating micronucleated cells
icronuclei. Bar, 5 lm. (D) Growth curves of mock and NPM-depleted
independent experiments. (E) BrdU-positive percentages at 24- and 48-
Data are the mean ± S.D. of triplicate cell counts (n = 500–1000). (F)
k and NPM siRNAs. 300–1000 cells per sample were counted; data are
ing extracts of mock and NPM-depleted cells. The loading control was
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tion of DNA synthesis caused by depletion of NPM. Absence
of the p53–p21 pathway should exacerbate the cell-division de-
fects caused by NPM depletion by allowing DNA endoredupli-
cation without completion of mitosis. The morphological
changes were accompanied by a gradual decrease of G2 cells
and a concomitant increase of G1 cells (BrdU-, cyclin B1-cells)
(Fig. 1E and Fig. S3). Taken together these results indicate
that the proliferative inhibition of HeLa cells caused by
NPM depletion is due to the activation of a p53-dependent
checkpoint response.
Since NPM is localized at the perichormosomal region [10]
and was identiﬁed at peripheral region of highly puriﬁed hu-
man metaphase chromosome [21], we examined its function
on mitotic chromosomes. Depletion of NPM caused accumu-
lation of prometaphase and metaphase cells two-fold higher
compared to that of mock treatment (Fig. 2A). This was
accompanied by an increased mitotic index (six- to seven-fold)
in NPM-depleted cells relative to that of mock treated cells
(Fig. 2B). Mitotic arrest by NPM depletion was abrogated
by co-depletion of checkpoint protein Mad2 with siRNA
(Fig. 2B and Fig. S4A). Furthermore, the ratio of BubR1-
and Bub1-positive cells in the mitotic populations was higher
in NPM-depleted cells than mock treated cells (Fig. 2C). Nota-
bly, they accumulated at kinetochores of uncongressed chro-
mosomes in NPM-depleted cells, to a similar extent as found
with unattached kinetochores in mock treated cells during pro-Fig. 2. NPM depletion leads to mitotic arrest due to spindle checkpoint activ
mitotic phases were determined at 24 h post-transfection with mock and
mean ± S.D. of at least triplicate cell counts (n = 200). (B) Mitotic indices o
depleted cells at 24 h post-transfection, and of NPM-depleted cells at 48 h
reduction of mitotic index in NPM-depleted cells. The mitotic index was calcu
DNA. Data are the mean ± S.D. of triplicate cell counts (n = 350–1000). (C)
mock and NPM-depleted cells. Data are the mean ± S.D. of triplicate cell
depleted cells. Arrowheads indicate uncongressed (non-aligned and misalig
respectively. Bars, 5 lm. (E) Percentages of mitotic cells with non-aligned o
experiments (mean ± S.D., n = 100). Aberrant chromosomes were recovered
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(Fig. S4C). These results indicate that depletion of NPM
causes mitotic arrest by the activation of spindle assembly
checkpoint proteins. To rule out potential oﬀ-target eﬀects
we performed rescue assays, which showed that mitotic arrest
was markedly recovered by introducing GFP-tagged NPM–
siRNA resistant (GFP–NPMr) plasmid, as revealed by the de-
crease of mitotic index (Fig. 2B and Fig. S4B). Moreover, the
amount of mitotic cells at 48 h post-transfection decreased to
only 1.74%, which was even lower than that of mock treated
cells (Fig. 2B). This tendency is consistent with gradual escape
of mitotic arrest and procession to the G1 state.
Mitotic cells arrested by NPM depletion mostly showed two
types of defects: non-aligned (approx. 20%, deﬁned as more
than 10 chromosomes were not aligned at the metaphase plate
or were scattered throughout the cytoplasm), and misaligned
(approx. 40%, deﬁned as 1–10 chromosomes were not aligned
at the metaphase plate). In contrast, the majority of the mock
chromosomes were aligned (Fig. 2D and E). These defects were
signiﬁcantly recovered by the rescue assay (Fig. 2E). These re-
sults indicate that NPM plays an important role in proper con-
gression of mitotic chromosomes.
Next, we analyzed whether failure of proper chromosome
alignment was due to the defects in the mitotic spindles and/
or kinetochore-microtubule attachment or not. Immunostain-
ing showed that NPM-depleted cells had two types of abnor-
malities in mitotic spindles: disorganized (26%) and multi-ation and aberrant chromosomes in HeLa cells. (A) The percentages of
NPM siRNAs by staining with a-tubulin and DNA. Data are the
f mock, NPM-depleted, Mad2-depleted, and both NPM- and Mad2-
post-transfection. Expression of NPMr plasmid results in signiﬁcant
lated from the number of cells immunostained with anti-a-tubulin and
The ratio of BubR1- and Bub1-positive cells in mitotic population in
counts (n > 100). (D) Commonly observed mitotic defects in NPM-
ned) chromosomes. Green and blue signals are for NPM and DNA,
r misaligned chromosomes were determined from three independent
by the rescue assay.
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almost all mock treated cells had normal bipolar mitotic spin-
dles (Fig. 3A and B). These phenotypes were consistent with
those of NPM-null mouse embryonic ﬁbroblasts [14]. We fur-
ther tested the stability of defective spindle microtubules in re-
sponse to cold treatment. Immunostaining showed that mitotic
spindles became unstable and largely disintegrated in NPM-
depleted cells, whereas the overall structure of the kineto-
chore-attached microtubules remained robust in mock treated
cells after cold treatment (Fig. 3C). These results indicate that
NPM is required for the formation of a bipolar and stable mi-
totic spindle with an intact centrosome.
Double immunostaining showed that NPM was localized at
the attached positions of kinetochores during mitosis
(Fig. 3D), indicating that NPM might be involved in kineto-
chore function. Closer inspection of immunostained mock
treated chromosomes showed that kinetochores were attached
to opposite poles (data not shown), whereas depletion of
NPM led to monotelic (one kinetochore bound and one kine-
tochore free) or syntelic (both kinetochores attach to the same
spindle poles) of sister kinetochores in uncongressed chromo-
somes (Fig. 3E). However, kinetochore formation was not af-
fected by NPM depletion (Fig. S5A–D). These results indicate
that NPM depletion causes a problem in kinetochore-micro-
tubule attachment rather than aﬀecting kinetochore forma-
tion.Fig. 3. Depletion of NPM leads to defects in spindle formation and kine
immunostained with a-tubulin (green) and DNA (blue). Bars, 5 lm. Spin
percentages of cells showing disrupted mitotic spindles. Data are the mean ±
(C) Immunostaining of mitotic cells at 24 h post-transfection of mock and N
and DNA (blue). Bars, 5 lm. (D) Localization of NPM at the kinetoch
immunostained for NPM (green) and CREST (red). DNA was counters
magniﬁcations show the localization of NPM at positions attached to kinetoc
CREST to show the positions of kinetochores (red) and counterstained with
syntelic (insets 10 and 1) and monotelic (insets 2 0 and 2) attachment of sister
Please cite this article in press as: Amin, M.A. et al., Nucleophosmin is required for chTo get insight into the proliferative inhibition we analyzed the
cell-cycle progression by taking the advantages of synchroniza-
tion with double thymidine block and immunostaining with
CENP-F. NPM-depleted cells signiﬁcantly delayed cell-cycle
progression and were apparently arrested in the G2/M phase,
as judged by increased amounts of CENP-F expressing and mi-
totic cells (Table S1). Live-cell image analyses showed that
HeLa GFP-H1.2 cells [22] had a longer period (more than
3 h) of mitotic progression (mitotic progression was deﬁned as
the time from nuclear envelope breakdown to chromosome seg-
regation at anaphase) than that of mock treated cells (45–
60 min) following NPM depletion (Fig. 4A). Further analyses
showed that over 95% of control cells went through at least
one round of mitosis within the course of visualization (18 h),
whereas approx. 40% of NPM-depleted cells entered mitosis
(consistent with growth curve) and showed four diﬀerent types
of mitotic progression: normal (N), division (D) after a pro-
longed mitotic period, death during mitosis (DM), and micro-
nuclei formation after division (MD) (Fig. 4B and Video S1
and S2). Around 18%, 51.9%, 12% and 14% of mitotic cells were
of theN, D,DM, andMD types, respectively (Fig. 4C). D, DM,
and MD types of mitotic progression were caused by severe mi-
totic defects (Fig. 4C and discussed earlier).Micronuclei usually
originate from acentromeric chromosome fragments or whole
chromosome lagging due to mitotic defects [23]. We observed
that most micronuclei contained centric chromosomes due totochore-microtubule attachment in HeLa cells. (A) HeLa cells were
dle pole panels show 2.2-fold magniﬁcation of the insets. (B) The
S.D. of three independent experiments (n = at least 100 mitotic cells).
PM siRNAs after cold treatment with CREST (red), a-tubulin (green),
ore attachment positions in mitotic cells. HeLa cells were double
tained with Hoechst 33342 (blue). Bars, 5 lm. The three-fold inset
hores. (E) An NPM-depleted mitotic cell stained with a-tubulin (green),
Hoechst 33342 for DNA (blue). 3.6-fold magniﬁcations of insets show
kinetochores. Bars, 5 lm.
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Fig. 4. Depletion of NPM causes mitotic delay in HeLa stably expressing GFP-H1.2 cells. (A) Time intervals between nuclear envelope breakdown
and anaphase onset for live cells were measured at 20 h post-transfection for mock and NPM siRNAs. (B) Live-cell imaging of HeLa cells stably
expressing GFP-H1.2. Cells were treated with mock and NPM siRNAs for 20 h and then photographed at 6-min intervals for up to 18 h. Some of the
mock treated cells are indicated by arrows, and some of the NPM-depleted cells by arrowheads. The cell indicated by the white arrowhead divided
after normal mitosis. The cell indicated by the blue arrowhead divided after a prolonged mitosis. The cell indicated by yellow arrowhead entered
mitosis, showed chromosome misalignment and ﬁnally died. The cell indicated by the red arrowhead contained uncongressed chromosomes, multiple
micronuclei and eventually died of apoptosis. Bars, 20 lm. (C) Percentages of four diﬀerent types of mitotic progression. Data are the mean ± S.D. of
at least duplicate cell counts (n = 20–50).
M.A. Amin et al. / FEBS Letters 582 (2008) 3839–3844 3843the presence of CENP-A (Fig. S5) and underwent apoptosis (Vi-
deo S2). Taken together, these observations strongly suggest
NPM is essential for proper mitotic progression.
Our ﬁndings indicate that NPM is essential for cellular pro-
liferation, supporting its oncogenic function. NPM-depleted
cells were arrested in the G1 state in a p53-dependent manner
immediately after defective cell division and mitotic spindle
damage. The loss of NPM leads to arrest of DNA synthesis.
Cessation of DNA synthesis appears to be dependent on a
post-mitotic checkpoint pathway involving p53. Abnormal nu-
clear shapes develop from defects in mitosis or cytokinesis [24].
Consistent with this, NPM-depleted cells experience severe mi-
totic defects leading to severe morphological changes and
micronuclei formation. The spindle assembly checkpoint
machinery monitors defects during prometaphase, such as
kinetochores unattached by microtubules or lack of tension
generated on kinetochores by microtubules, to ensure the ﬁdel-
ity of chromosome segregation [25]. Here, in the absence of
NPM, spindle checkpoint proteins are activated leading to
problems in kinetochore-microtubule attachment or possibly
lack of tension in the chromosome regions that fail to align
properly to the equatorial planes during metaphase, and thus
interrupts progression of mitosis [26]. Moreover, both mitotic
spindle and spindle-pole cannot be formed properly following
NPM depletion, which together with defcts in kintechore-
microtubule attachment would delay mitotic progression.Please cite this article in press as: Amin, M.A. et al., Nucleophosmin is required for chIn summary, these results indicate that in addition to cell pro-
liferation, NPM is required for proper chromosome alignment
on the equatorial planes during metaphase. NPM is also re-
quired for the formation of functional and stable spindles with
intact centrosomes and for proper kinetochore-microtubule
attachments and thus is essential mitotic progression and cell
proliferation. This study sheds new light on the functional sig-
niﬁcance of the nucleolar protein NPM in controlling cell-cycle
progression and/or carcinogenesis. Studies into the mechanism
of how NPM regulates mitotic progression will be important
for future cancer therapies considering NPM as a target.
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